As a synaptosomal protein, SNAP-25 plays a role in a number of neuronal functions including axonal growth, dendrite formation, fusion of synaptic vesicles with membrane and the expression of long-term potentiation (LTP) in the hippocampus. Using a learning ⁄ memory behavior screening, we identified SNAP-25 as one of the differentially expressed genes in the hippocampus upon behavioral training. The inhibition of SNAP-25 with intracerebroventricular antisense oligonucleotide caused a deficit in long-but not short-term memory for step-down inhibitory avoidance. Intra-CA1 infusion of the SNAP-25 antisense oligonucleotide impaired longterm contextual fear memory and spatial memory and interfered with the LTP of synaptic transmission in the CA1 region. The inhibitory effect on LTP was not mediated by a pre-synaptic mechanism because paired pulse facilitation of synaptic transmission was not affected after administration of the antisense oligonucleotide. Together, the results suggest that SNAP-25 in the CA1 region is involved in memory consolidation.
Introduction
Learning and memory are important biological functions for survival. Impairment of the learning ⁄ memory capacity is often associated with neurological diseases and major insults to the brain, resulting in the deterioration of cognitive functions and quality of life. Learning ⁄ memory is a complex set of processes involving the acquisition, consolidation and retrieval of information (Squire & Kandel, 1999) . Extensive studies have demonstrated that the hippocampus is a critical part of the central nervous system for learning ⁄ memory (Squire & Kandel, 1999) and its damage selectively impairs the ability to learn and remember (Morris et al., 1982; Sutherland et al., 1982; Selden et al., 1991; Kim et al., 1993; Phillips & LeDoux, 1995; Logue et al., 1997; Sandin et al., 1997; Squire & Kandel, 1999) . Because of the importance of learning ⁄ memory in human life, animal models have been developed to explore various aspects of learning ⁄ memory behavior and to unravel the underlying mechanisms at the molecular, cellular, system and organism levels (Bliss & Collingridge, 1993; Eichenbaum & Otto, 1993; Silva et al., 1998; Stevens, 1998; Elgersma & Silva, 1999; Squire & Kandel, 1999; Martin et al., 2000) .
Using such animal models, a number of genes have been identified to be involved in learning ⁄ memory, including genes for both structural proteins and functionally important proteins such as protein kinases, phosphatases and other cell signaling proteins (Elgersma & Silva, 1999; Sanes & Lichtman, 1999; Squire & Kandel, 1999) . Some of these genes have been shown to play a critical role using a variety of experimental manipulations, including the complete deletion of gene function by homologous recombination-based gene targeting (Huang et al., 1995; Abel et al., 1997; Silva et al., 1998; Elgersma & Silva, 1999) and partial inhibition of protein function in the relevant brain regions by antisense oligonucleotide delivery (Guzowski & McGaugh, 1997; Ikegami & Inokuchi, 2000) .
SNAP-25 is a synaptosomal protein, initially identified as a brainenriched molecule in a brain ⁄ liver differential screening (Branks & Wilson, 1986) , which is highly expressed by neurons in the hippocampus and other brain regions (Oyler et al., 1989 (Oyler et al., , 1992 Geddes et al., 1990) . As an integral component of the synaptic vesicledocking ⁄ fusion core complex, SNAP-25 is required in a late postdocking step of Ca 2+ -dependent neurotransmitter exocytosis using in vitro preparations (Banerjee et al., 1996; Mehta et al., 1996) . When SNAP-25 function was disrupted by antibody microinjection, neurotransmitter release was inhibited without affecting the synaptic vesicle number at the plasma membrane, supporting a critical role of SNAP-25 in membrane fusion but not in synaptic vesicle targeting to the presynaptic membrane (Low et al., 1999) .
More importantly, two lines of evidence suggest that hippocampal SNAP-25 may be involved in learning and memory. Firstly, the selective inhibition of SNAP-25 expression by SNAP-25 antisense oligonucleotides prevents neurite elongation (Osen-Sand et al., 1993) . The axonal elongation and transformation of growth cones to synaptic terminals contribute to the remodeling of nerve terminals, which may serve as a morphological substrate for memory and learning. Secondly, elevated mRNA levels of SNAP-25 are associated with the expression of long-term potentiation (LTP) in granule cells of the dentate gyrus (Roberts et al., 1998) , correlating SNAP-25 mRNA up-regulation with the expression of LTP in the hippocampus. LTP in the hippocampus is considered to be a form of synaptic plasticity that underlies learning ⁄ memory (Morris et al., 1986; Morris, 1989; Bliss & Collingridge, 1993; Martin et al., 2000) . We report here that SNAP-25 is indeed involved in learning and memory, particularly in memory consolidation.
Materials and methods

RNA preparation and cDNA library differential screening
Adult male Sprague-Dawley rats (200-250 g, purchased from Shanghai Laboratory Animal Center, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences, Shanghai, China) were used in this work. Animals were randomly assigned into two groups (n ¼ 5 or 6 for each group). The training group received step-down inhibitory avoidance training and the control group received sham training (with no electric shock). The rats were anesthetized and decapitated 2 6 h after training and hippocampal tissues were collected for RNA extraction using Oligotex reagent (Qiagen, Valencia, CA, USA). Poly(A) + RNA (2 lg) from each group was reverse transcribed with Superscript II reverse transcriptase (Gibco ⁄ BRL, Rockville, MD, USA) and cDNAs from the control and training groups were labeled with a-32 P-dATP by random priming. These radioactive probes were used to hybridize duplicate filters of a rat brain cDNA library (8-week-old Sprague-Dawley male rat; Gibco ⁄ BRL) and differentially expressed clones were isolated and subjected to DNA sequence analysis.
Oligonucleotides
The following unmodified oligonucleotides were used: SNAP-25 antisense oligonucleotide (5¢-ATGTCTGCGTCCTCGGCCAT-3¢) and mis-sense oligonucleotide (5¢-ATCTCAGCGTGCTTCGCCTT-3¢) and scramble oligonucleotide (5¢-TAGCTTCGGCTCGCTCGCTA-3¢). The antisense oligonucleotide has been shown to be effective in reducing SNAP-25 gene expression (Osen-Sand et al., 1993) . The scramble oligonucleotide consisted of the same base composition as the antisense oligonucleotide.
Northern blot analysis
Adult male Sprague-Dawley rats 3 (200-250 g) were anesthetized and decapitated 6 h after receiving step-down inhibitory avoidance training and hippocampal tissues were collected for RNA extraction. Total RNA (40 lg) from rat hippocampus was subjected to electrophoresis in a 1.0% agarose gel and transferred onto an N+ nylon membrane. The hybridization probes were 32 P-labeled by random priming using a 0.5-kb fragment of a rat SNAP-25 cDNA clone (0.1 kb 5¢ untranslated region and 0.4 kb protein-coding region) and a 1.8-kb cDNA fragment of rat GAPDH. The RNA blots were hybridized at 65°C in a hybridization solution containing 0.2 m Na 3 PO 4 (pH 7.2), 1 mm EDTA (pH 8.0), 1% bovine serum albumin, 7% sodium dodecyl sulfate, 15% formamide and 100 lg ⁄ mL denatured salmon sperm DNA. After overnight hybridization, blots were washed twice in 40 mm Na 3 PO 4 (pH 7.2), 1 mm EDTA (pH 8.0) and 1% sodium dodecyl sulfate for 1 h at 65°C and exposed to X-ray films overnight with an enhancer screen at )80°C. The hybridized signal was visualized using SNAPscan 1212 (AGFA, Ridgefield Park, NJ, USA).
In situ hybridization
Rats were anesthetized and perfused 6 h after receiving step-down inhibitory avoidance training 4 and the brains were fixed in phosphatebuffered saline (PBS) containing 4% paraformaldehyde for 4 h at room temperature 5
. The fixed tissues were washed in PBS and then embedded in Paraplast Ò . Tissue blocks were sectioned at a thickness of 10 lm. A plasmid containing the 0.5-kb rat SNAP-25 cDNA was linearized with either BamHI or EcoRI and transcribed in vitro with T7 or SP6 RNA polymerase using digoxigenin-labeled UTP to generate sense and antisense riboprobes. In situ hybridization was performed as previously described (Yang et al., 2000) .
Western blot analysis
Adult male Sprague-Dawley rats (200-250 g) were anesthetized and decapitated 6 either 6 h after step-down inhibitory avoidance training or at different time points (0, 1, 2.5, 6 or 24 h) after contextual fear conditioning and hippocampal tissues were collected for protein isolation. The hippocampi (about 100 mg) of each rat were homogenized ultrasonically in 1 mL of extraction buffer (150 mm NaCl, 0.1% sodium dodecyl sulfate, 10 mm EDTA, 1% deoxycholic sodium, 1% Triton X-100, 20 mm NaF, 0.25 mm phenylmethylsulfonyl fluoride, 5 lg ⁄ mL leupeptin and 50 mm Tris-HCl, pH 8.2). The supernatant fluids were collected after centrifugation at 15 000 r.p.m. for 10 min at 4°C. After quantification, 100-lL aliquots were precipitated in 1 mL 70% ethanol with 0.13% KOAc, air-dried and resolved in 100 lL loading buffer. Samples (20 lg protein per lane) were subjected to preparative sodium dodecyl sulfate-polyacrylamide gel electrophoresis in a 10% gel and electrophoretically transferred to nitrocellulose membrane (Amersham Pharmacia, Piscataway, NJ, USA) using a Trans-Blot device (Bio-Rad, Hercules, CA, USA) at 30 V constant voltages overnight at 4°C. Membranes were soaked in 1% bovine serum albumin and 5% normal goat serum in PBS for 1 h at room temperature to block non-specific binding, rinsed in PBS and incubated with an anti-SNAP-25 antibody (Affiniti, UK; diluted 1 : 2000 in 1% bovine serum albumin, 5% normal goat serum in PBS) overnight at 4°C. Membranes were washed twice for 15 min each in PBS with 0.01% Tween-20 and incubated for 1 h with a secondary antibody, goat anti-rabbit IgG (1 : 10 000; Zymed, South San Francisco, CA, USA). After washing twice for 15 min each in PBS with 0.01% Tween-20, membranes were incubated with an anti-rabbitperoxidase ⁄ anti-peroxidase (PAP) 7 antibody (1 : 20 000; Zymed) for 1 h, washed once in PBS and the signal was detected by the ECL system (Amersham Pharmacia). A western blot of tubulin was performed in the same way, using a monoclonal anti-tubulin antibody (1 : 500; Sigma, St Louis, MO, USA) as the first antibody and a goat anti-mouse-horseradish peroxidase antibody (1 : 2000; Zymed) as the second antibody. Blots were quantified using gel work software version 3.01 (UVP, Upland, CA, USA) 8
. To quantify the results of in situ hybridization, the average density of the SNAP-25 mRNA signal in various hippocampal regions was calculated by the metamorph program (Universal Imaging Corporation, Downingtown, PA, USA).
Hippocampal neuron cell culture
Hippocampal cells were prepared from post-natal day 2 SpragueDawley rats as described previously (Brewer, 1997 (Brewer, , 1999 . The cells were plated at 200 cells ⁄ mm 2 into poly-l-lysine-coated six-well plates with neurobasal ⁄ B27 supplemented with 10 ng ⁄ mL basic fibroblast growth factor (bFGF) 9
. The medium was replenished every 4 days and cells were cultured for 4 weeks for maturation. SNAP-25 antisense and mis-sense oligonucleotides were used at 5 lg ⁄ mL in the culture medium. After 24 h the neuronal cells received fresh medium containing the same concentration of oligonucleotides.
Intracerebroventricular and intrahippocampal administration of oligonucleotides
Adult male Sprague-Dawley rats (200-250 g) were housed for a week before surgical operation. For intracerebroventricular administration, rats were anesthetized with pentobarbital (40 mg ⁄ kg, i.p.) and mounted on a stereotaxic unit (SN-2; Narishige, Japan). An infusion cannula was stereotaxically implanted into the third ventricle (Paxinos & Watson, 1986 ). An Alzet 7-day osmotic mini-pump (ALZA Pharmaceuticals, Palo Alto, CA, USA), which was filled with the desired oligonucleotide (50 lg ⁄ lL) or saline solution, was embedded under the animal's skin on the back and was connected to the infusion cannula with polyethylene (PE) 10 tubing. The infusion rate of the minipump was 1 lL ⁄ h.
For intra-CA1 administration, the rat was cannulated, under pentobarbital anesthesia (40 mg ⁄ kg, i.p.), bilaterally in the CA1 region (from Bregma 3.3 mm caudally, 1.8 mm laterally and from skull surface 1.5 mm ventrally). After the animal recovered from anesthesia, it was returned to the home cage for 1 week before any experimental manipulation. Saline or oligonucleotide solution was infused into the CA1 region via a Hamilton syringe inserted into the implanted guide cannula. The tip of the syringe was placed 2.8-3.0 mm ventral to the skull surface. For each side of the hippocampus, a volume of 1.5 lL was administered in 3 min (0.5 lL ⁄ min) followed by a 2-min waiting time before the injection cannula was taken out. Oligonucleotides were used at 1 nmol ⁄ lL.
Step-down inhibitory avoidance training Adult male Sprague-Dawley rats (200-250 g) were trained for stepdown inhibitory avoidance as described previously (Heise, 1984; Izquierdo et al., 1995 Izquierdo et al., , 1998 During the training, a rat was first placed in the apparatus box for free exploration for 2 min and returned to the home cage. It was then placed on the elevated platform with its head toward the corner. When the animal stepped down from the platform (the time interval from its placement on the platform to stepping down was recorded), it was allowed to explore the box for 30 s before being returned to the home cage. This procedure was repeated three times for each animal with a 1-min interval between sessions. Next, the power supply (45 V, AC) was switched on to electrify the metal grid on the apparatus floor and the animal was placed on the elevated platform as before. When the animal stepped down from the platform it received a continuous electric foot shock. The rat would attempt to escape the shock and stepped up onto the elevated platform. If the animal stayed on the platform for 10 min, the training was considered completed and the animal was returned to the home cage. If the animal stepped down again within the 10-min period it would be shocked again. In our experiments, most animals completed step-down inhibitory avoidance training after receiving one shock. Occasionally, an animal would step down from the platform after the first shock. Such animals were not included in subsequent studies. Control animals experienced the same procedure except that the apparatus floor was not electrified. To test the memory for step-down inhibitory avoidance, an animal was placed on the platform for 5 min without electrifying the floor and its on-platform staying time was recorded.
Contextual and auditory fear conditioning
Adult male Sprague-Dawley rats (200-250 g) were trained in a freezing monitor system (San Diego Instruments, San Diego, CA, USA) consisting of a Plexiglas box [36 (L) · 23 (W) · 18 (H) cm] and a floor lined with stainless steel rods that can be electrified. Animals received training as described previously (Tang et al., 2001) . Rats were placed into the apparatus box for 2.5 min and a tone signal (2200 Hz, 96 dB) was then given for 30 s [conditioned stimulus (CS)] with an electric shock (unconditioned stimulus; 1 mA) during the last 1 s of the CS. After an interval of 30 s, a second CS-unconditioned stimulus paring was delivered. The animal was allowed to stay in the box for an additional 30 s and its freezing behavior during this time period was recorded as 'immediate'.
Contextual fear memory was tested 1 or 24 h post-training. Each animal was placed in the box where it was trained for 3 min without the presence of a CS or unconditioned stimulus and the duration of its freezing behavior was recorded. Auditory fear memory was tested immediately after the contextual fear memory test; each animal was placed in a novel box for 3 min and was then exposed to the CS. The cumulative duration of the animal's freezing behavior was recorded as a measure of memory retention.
Morris water maze training
Adult male Sprague-Dawley rats (200-250 g) were trained in a Morris water maze apparatus (San Diego Instruments). The water in the maze was opaque so that the platform, once submerged, was not visible. The position of the platform was fixed at the south-east quadrant. For all trials, video recordings were made for subsequent analysis.
Six hours after intra-CA1 solution infusion (saline or oligonucleotide), the animals received training as described previously (Guzowski & McGaugh, 1997) . Two training sessions were carried out, six trials per session, with a 1-h interval between the two sessions. Each trial started when a rat was placed at the junction between two adjacent quadrants (the east, north, west or south pole of the maze). The starting position was randomly selected but counter-balanced among the four positions. If the animal found the submerged platform within 60 s, it was allowed to stay there for 30 s and was then returned to a holding cage for 30 s before the next trial started. If the animal did not find the submerged platform within 60 s, it was guided to the platform, allowed to stay there for 30 s and then returned to a holding cage for 30 s before the next trial started.
Memory retention was tested 48 h after training using a procedure described previously (Guzowski & McGaugh, 1997) . A total of three trials were performed. The submerged platform was placed at the same position (the south-east quadrant) as in training and the starting position was randomly selected between the north and west poles. The animal was placed in the water in the starting position and allowed to navigate in the water for up to 60 s. Once the animal found the submerged platform, it was returned immediately to a holding cage. The inter-trial interval was 60 s.
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Immediately after the retention trials were completed, a three-trial visible platform test was conducted. The platform was raised to above the water surface and covered with white gauze to be highly visible. The platform position was randomized among the four quadrants and the starting position was fixed at the north or west pole. For each trial the animal was first placed on the platform for 30 s and then placed in the water in the starting position. The animal was allowed to navigate in the water for up to 60 s. Once the animal found the visible platform, it was immediately returned to a holding cage. The inter-trial interval was 60 s.
Recording of long-term potentiation and oligonucleotide administration
Adult male Sprague-Dawley rats (200-250 g) were used. The animals were anesthetized with urethane carbamate (1.25 g ⁄ kg, i.p.) and mounted on a stereotaxic apparatus (SN-2; Narishige) with the incisor bar 3.3 mm below the interaural line. Body temperature was maintained at 36 ± 1.0°C. After parting the skin and exposing the skull, two small holes were drilled on the skull to allow electrode penetration. One hole was located at 4.9 mm posterior to Bregma and 3.8 mm lateral to the mid-sagittal suture line for insertion of a stimulating electrode and the other at 3.4 mm posterior to Bregma and 2.5 mm lateral to the mid-sagittal suture line for insertion of an infusion-recording electrode, based on the stereotaxic coordinates of Paxinos & Watson (1986) .
A stimulating electrode (concentric electrode, 200 lm diameter) was inserted into the Schaffer collateral pathway at a 15°angle to the frontal plane and an infusion-recording electrode, constructed by gluing a Teflon-coated stainless steel wire (120 lm diameter) to a guide cannula (400 lm inside and 650 lm outside diameter), was inserted vertically into the ipsilateral CA1 region. A stainless steel screw (1.0 mm diameter) was implanted on the contralateral skull, serving as a reference electrode (implantation site 5 mm posterior to Bregma and 1.5 mm lateral to mid-sagittal suture line). A test pulse (50 ls in duration) was delivered, once every 1.0 min, to the Schaffer Signal densities of SNAP-25 mRNA in the dentate gyrus (DG), CA1 and CA3 regions were calculated using the metamorph program. All data are shown as relative to the signal of the DG region in the control group. h, control animals (n ¼ 5); j, trained animals (n ¼ 9). The ratios of the SNAP-25 mRNA signal from the training group over that from the control are: DG, 1.21 ± 0.09; CA1, 1.22 ± 0.07 and CA3, 1.40 ± 0.07. *P < 0.05 vs. control, unpaired t-test.
collateral pathway. The tip positions of the stimulating and infusionrecording electrodes were finely adjusted with two micromanipulators until an optimal field excitatory post-synaptic potential (fEPSP) was obtained. A current intensity that elicited an fEPSP with two-thirds of the maximal response was used in the subsequent experiment.
The distance between the tip of the recording electrode and that of the guide cannula was 1.0 mm. The drug solution was delivered through an injection needle (300 lm outside diameter) inserted into the guide cannula. The injection needle extended 0.5-0.8 mm beyond the tip of the guide cannula (0.5-0.2 mm from the tip of the recording electrode; approximately within or near to the layer of cell body in the CA1 region). Oligonucleotides (SNAP-25 antisense or scramble, 0.165 nmol) or saline were infused at 1 lL in 4 min. The injection needle was left in place throughout the subsequent electrophysiological recording. During and after infusion, an fEPSP was evoked, once every 1 min, by delivering a single current pulse (50 ls in duration) to the Schaffer collateral pathway.
The LTP recording was started 6 h after solution injection. Three trains of tetanus stimulation were delivered to the Schaffer collateral pathway. Each train of tetanus consisted of 20 pulses of 50-ls duration each with a 5-ms interpulse interval (i.e. at a frequency of 200 Hz) and the intertetanus interval was 30 s.
The effect of SNAP-25 antisense on paired-pulse facilitation (PPF) was examined before and after LTP was induced. PPF was measured using various interpulse intervals (150, 180, 200 and 250 ms). As PPF is mediated by a pre-synaptic mechanism, a change in PPF following a given treatment would indicate whether a pre-synaptic mechanism underlies the action of that treatment.
Fluorescence microscopy
The SNAP-25 antisense oligonucleotide was fluorescently labeled at the 5¢ end and was administered to the CA1 region of pentobarbital anesthetized rat hippocampus (1 nmol ⁄ lL, 1.5 lL) via an implanted antisense oligonucleotide into the third ventricle by 7-day osmotic pump. Four days after the infusion started, animals received step-down inhibitory avoidance training. Memory was tested either at 1 or 24 h after training. When tested 24 h after conditioning, all groups stepped down from the platform within the 10-min observation time. However, animals in the antisense group stepped down significantly earlier than the control groups (*P < 0.05 for antisense vs. controls, unpaired t-test). Data are shown as mean ± SEM, n ¼ 10 for each group. (B) The SNAP-25 antisense oligonucleotide was effective in reducing expression of SNAP-25 protein in cultured hippocampal neurons. The SNAP-25 antisense oligonucleotide was as described previously (Osen-Sand et al., 1993) . Proteins were extracted for western blot analysis. Data are shown as mean ± SEM, n ¼ 5 for each group. *P < 0.05 vs. controls, unpaired t-test. (C) The SNAP-25 antisense oligonucleotide was effective in reducing SNAP-25 mRNA level in the hippocampus. Hippocampal paraffin sections were prepared for in situ hybridization analysis. Data are shown as mean ± SEM, n ¼ 3 for each group. #P < 0.05 control vs. training and *P < 0.05 training vs. antisense, unpaired t-test.
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Animals were anesthetized and perfused 2 or 6 h after oligonucleotide infusion and frozen brains were sectioned at a thickness of 30 lm. Brain sections were examined under fluorescence microscopy so as to determine oligonucleotide diffusion and neuronal uptake.
These experiments were performed in accordance with the Guide for the Care and Use of Laboratory Animals, and the Chinese guidelines for care and use of laboratory animals. 12
Results
SNAP-25 as a differentially expressed gene after step-down inhibitory avoidance training
To search for genes that may be involved in learning and memory, we utilized step-down inhibitory avoidance training (Heise, 1984; Izquierdo et al., 1995 Izquierdo et al., , 1998 as a behavioral paradigm. Animals from the control and trained groups were killed 6 h after training, the hippocampal tissues were used to isolate RNA for reverse transcription of cDNA and radioactive probes were generated from these cDNA samples to differentially screen an adult rat brain cDNA library. Positive clones were isolated and their cDNA inserts were used to make radioactive probes for northern blot analysis. One of the positive clones, SNAP-25, displayed a differential expression pattern of hippocampal mRNA between the control and the animals 6 h after step-down inhibitory avoidance training (Fig. 1) .
As SNAP-25 has been shown by in vitro studies to be a neuronal protein important for synaptic function, it appeared to be a good candidate for functional involvement in learning ⁄ memory. Thus, it was chosen for further investigation.
SNAP-25 expression in the hippocampus is elevated after step-down inhibitory avoidance training
In situ hybridization was used to examine the SNAP-25 mRNA level in the hippocampus. SNAP-25 is expressed in the dentate gyrus, CA1 and CA3 regions of the hippocampus. The message level was increased in these regions after the step-down inhibitory avoidance training ( Fig. 2A) . The ratios of the SNAP-25 mRNA signal from trained and control groups are: the dentate gyrus, 1.21 ± 0.09; CA1, 1.22 ± 0.07 and CA3, 1.40 ± 0.07 ( Fig. 2B ; P < 0.05 for training vs. control, unpaired t-test), indicating that the behavioral training elevated SNAP-25 expression in the hippocampus.
Western blot analysis was employed to determine the SNAP-25 protein level in the hippocampus, using an anti-SNAP-25 antibody. As shown in Fig. 3 , the SNAP-25 protein level was significantly increased in the hippocampus after step-down inhibitory avoidance training (P < 0.05 for training vs. control, unpaired t-test). The protein levels of SNAP-25 in the trained group increased by a factor of 1.46 ± 0.11 over the control group.
SNAP-25 antisense oligonucleotide impairs long-term memory for step-down inhibitory avoidance
As SNAP-25 mRNA appeared to be up-regulated upon step-down inhibitory avoidance training, we wanted to determine whether a causal relationship exists between the SNAP-25 level and the animals' behavioral change. In other words, is memory affected if the SNAP-25 level is reduced? Freezing response to the training chamber pre-conditioning, immediately after conditioning and either at 1 or 24 h after conditioning. n ¼ 19-22 for pre-conditioning and immediately after conditioning; n ¼ 8-14 for 1 and 24 h after conditioning. Compared with the control groups, the SNAP-25 antisense group displayed a similar extent of freezing scores immediately and 1 h after conditioning but showed significantly poorer memory retention at 24 h post-training. *P < 0.05 vs. controls, unpaired t-test. (B) Freezing response to the auditory cue at either 1.5 or 24.5 h postconditioning. Animals from the 1-and 24-h groups in A were tested for auditory fear memory. There was no difference among the groups in either short-or long-term auditory fear memory. CS, conditioned stimulus.
SNAP-25
To reduce the SNAP-25 level, we employed an antisense oligonucleotide that has previously been shown to effectively reduce the SNAP-25 level (Osen-Sand et al., 1993) . This antisense oligonucleotide or a control solution (scramble oligonucleotide or saline) was infused into the brain via a cannula in the third ventricle connected to an osmotic pump and the animals were tested for memory retention after step-down inhibitory avoidance training. As shown in Fig. 4A , animals in all three groups spent very little time on the platform before conditioning, with an average of less than 25 s per animal. The antisense group showed no difference in latency of stepping down from the platform compared with the control groups, indicating that intracerebroventricular infusion of the SNAP-25 antisense oligonucleotide did not compromise the animals' general mobility or their motivation for stepping down from the platform to explore the environment.
When tested 1 h after conditioning, the antisense group, like the control groups, did not step down from the platform during the entire 5-min period of observation, with a cut-off time at 600 s (Fig. 4A) . This indicates that short-term memory for inhibitory avoidance was similar in both the antisense and control groups. When tested 24 h after conditioning, all groups stepped down from the platform within the 10-min observation time. However, animals in the antisense group stepped down significantly earlier than the control groups (P < 0.05 for antisense vs. controls, unpaired t-test), with a latency of 217 ± 23 s, whereas the saline and scramble oligonucleotide groups stayed on the platform for 458 ± 26 and 467 ± 26 s, respectively (Fig. 4A) . This indicates that long-term memory for inhibitory avoidance was impaired in the antisense group.
To verify that the antisense oligonucleotide would inhibit the SNAP-25 expression as reported previously (Osen-Sand et al., 1993) , we tested it in hippocampal neuronal cultures. As shown in Fig. 4B , the antisense oligonucleotide reduced the SNAP-25 protein level (*P < 0.05 vs. controls, unpaired t-test). We next sought to determine whether such an inhibitory effect was observed in vivo by measuring the SNAP-25 mRNA levels using in situ hybridization with hippocampal sections. As shown in Fig. 4C , step-down inhibitory avoidance training resulted in an increase in the SNAP-25 mRNA level in the hippocampus (#P < 0.05 control vs. training, unpaired t-test) and such an increase was selectively inhibited by the antisense oligonucleotide (*P < 0.05 training vs. antisense, unpaired t-test). These results indicate that the antisense oligonucleotide was effective in reducing the training-related increase in SNAP-25 mRNA.
Transient increase in hippocampal SNAP-25 protein upon fear-conditioning training
To better delineate the relationship between the molecular changes in SNAP-25 and the animal's behavior, we further examined the SNAP-25 protein levels at various times after the animals received contextual fear conditioning, which is a hippocampus-dependent task (Kim & Fanselow, 1992; Bevilaqua et al., 1997; Maren et al., 1997; Roozendaal & McGaugh, 1997; Anagnostaras et al., 1999; Roozendaal et al., 1999) .
As shown in Fig. 5 , the steady-state protein level of SNAP-25 showed a transient increase, reached a peak at 2.5 h and returned to A B D C Fig. 7 . Spatial memory in the Morris water maze was impaired following intra-CA1 infusion of the SNAP-25 antisense oligonucleotide. Three groups of rats received bilateral intra-CA1 infusion of saline, scramble oligonucleotide or the SNAP-25 antisense oligonucleotide (n ¼ 8-14 for each group). Training in the water maze began 6 h after infusion, with two training sessions of six trials each and a 1-h interval between the two sessions. Memory was tested 48 h after training. Data are shown as mean ± SEM. (A) Escape latency to find the submerged platform during training and 48-h retention testing. Cut-off time was 60 s. All groups showed similar learning capacity during the first session. *Significant difference from the trial before the 1-or 48-h break (P < 0.05, paired t-test) as well as from the control groups for the same trial (P < 0.05, unpaired t-test), suggesting diminished memory consolidation. (B) Swim speed during training and 48-h retention testing. There was no significant difference among the three groups. (C) Escape latency to locate the visible platform during the visible-platform testing. There was no significant difference among the three groups. (D) Representative swim path of each group during 48-h retention testing. The antisense group swam a longer path length than the control groups to find the submerged platform.
SNAP-25 in area CA1 and memory consolidation 1599 the control level by 24 h after the behavioral training. In trained animals (2.5 h after the training; n ¼ 6), the relative expression of the SNAP-25 was 1.32 ± 0.07 times that 13 in control animals. This result suggests that hippocampal SNAP-25 may be functionally involved in the consolidation of contextual fear memory.
SNAP-25 antisense oligonucleotide impairs long-term contextual fear memory
To determine the role of SNAP-25 in memory consolidation, we tested the effect of the intra-CA1 infusion of the SNAP-25 antisense oligonucleotide on contextual fear memory. Auditory fear memory was used for comparison because it is dependent on the amygdala but not the hippocampus (Goosens & Maren, 2001; Phillips & LeDoux, 1992) . Rats were randomly assigned to three groups, saline, scramble and antisense, and cannulated bilaterally. One week after cannulation, animals received solution infusion into the hippocampal CA1 region. Behavioral training began 6 h after the intra-CA1 infusion of saline or oligonucleotides. Freezing behavior was monitored immediately before and after conditioning and at 1 or 24 h after conditioning.
As shown in Fig. 6A , all groups of animals displayed a similar extent of freezing response to the training chamber when tested immediately or 1 h after conditioning, indicating that short-term contextual memory was similar for animals receiving saline, scramble or antisense oligonucleotide. However, when tested 24 h postconditioning, the antisense group displayed significantly less freezing behavior compared with the control groups (Fig. 6A) , indicating that long-term contextual fear memory was impaired.
It is worth noting that neither short-nor long-term auditory fear memory was affected by the SNAP-25 antisense oligonucleotide. The antisense group demonstrated a similar extent of freezing response to the CS when tested 1.5 or 24.5 h post-training (Fig. 6B) , as would be expected because auditory fear memory does not require the hippocampus (Phillips & LeDoux, 1992; Goosens & Maren, 2001) .
Together, these data indicate that the inhibition of SNAP-25 in area CA1 impairs long-term contextual fear memory leaving short-term memory intact.
SNAP-25 antisense oligonucleotide impairs spatial learning ⁄ memory in water maze
Spatial learning and memory represent another type of learning ⁄ memory capacity that depends on the hippocampus. The Morris water maze has been widely used to measure spatial learning ⁄ memory in rodents and we used it to examine the impact of SNAP-25 inhibition. Six hours after the intra-CA1 infusion of saline, scramble or the SNAP-25 antisense oligonucleotide, rats were trained in the water maze with a total of 12 trials in a single day. Memory retention was tested 48 h after training.
As shown in Fig. 7A , all groups of rats showed similar learning in the first six-trial training session. However, the SNAP-25 antisense oligonucleotide group showed diminished memory retention compared with the control groups because, after a 1-h break, they performed poorly in the seventh and eighth trials with significantly longer escape latency. This suggests that memory consolidation was affected by the SNAP-25 antisense oligonucleotide.
When tested for memory retention 48 h post-training, the antisense oligonucleotide group took significantly longer (Fig. 7A) and swam a longer path to find the submerged platform (Fig. 7D) , further indicating impaired memory consolidation. The impaired memory in the antisense oligonucleotide group was not due to deficits in visuomotor ability or motivation because the antisense oligonucleotide group showed a similar swim speed in the training and retention trials (Fig. 7B ) and performed equally well in the visible platform test (Fig. 7C) . Thus, these results indicate that hippocampal SNAP-25 is indeed associated with spatial memory consolidation.
SNAP-25 antisense oligonucleotide suppresses long-term potentiation in the CA1 region
The LTP in the hippocampus is a form of synaptic plasticity and is thought of as a synaptic mechanism underlying learning and memory. Thus, we investigated the effect of the SNAP-25 antisense oligonucleotide on LTP in the CA1 region.
The fEPSP was not affected by SNAP-25 antisense oligonucleotide infusion (Fig. 8A) , with the slopes of the fEPSP at 15 min and 6 h after infusion at 101.0 ± 1.7 and 99.0 ± 2.9% of that before the infusion, respectively. This indicates that, with intra-CA1 oligonucleotide infusion, our fEPSP recordings were stable and suggests that neurotransmitter release was not compromised. Figure 8B shows LTP in the CA1 region upon tetanus stimulation in the Schaffer collateral pathway. Both saline and scramble oligonucleotide groups exhibited a pronounced LTP. The SNAP-25 antisense oligonucleotide group, on the other hand, displayed a significantly decreased LTP. The potentiation of fEPSP in the control groups was still maintained for more than 3 h after tetanus, whereas that in the SNAP-25 antisense oligonucleotide group decreased significantly at this time point. Taken together, these data suggest a requirement for a normal SNAP-25 level for the proper expression of LTP.
As both pre-and post-synaptic mechanisms can contribute to LTP, we tested the effect of the SNAP-25 antisense oligonucleotide on PPF to determine the pre-or post-synaptic mechanism of action of SNAP-25. As shown in Fig. 9A , PPF was not significantly suppressed following treatment with the SNAP-25 antisense oligonucleotide, either at 0.5 h pre-or 6 h post-tetanus, suggesting that the effect of SNAP-25 on LTP did not involve the pre-synaptic mechanism. In other words, the suppression of LTP by the SNAP-25 antisense oligonucleotide was not because of a decrease in basal release of neurotransmitter from the Schaffer collateral terminals.
Fluorescently-labeled SNAP-25 antisense oligonucleotide, when infused into area CA1 at the same dose as used in the behavioral experiments and examined 2 and 6 h after infusion, showed that the oligonucleotide was taken up by neurons in area CA1 and that oligonucleotide diffusion was limited to well within 1.5 mm in diameter, well before reaching area CA3 or the dentate gyrus (Fig. 9B ).
Discussion
The rationale of our approach was to use a model that reflects an animal's learning ⁄ memory behavior and to search for genes that may play a role in modulating the behavior. We reasoned that certain genes may be identified whose expression correlated with the behavioral modification and that a subset of these genes may be causally related to the learning ⁄ memory behavior. In the present work, we first used step-down inhibitory avoidance conditioning as a learning ⁄ memory paradigm and identified SNAP-25 as one of the genes that were differentially expressed in the hippocampus after the animals received the training (Fig. 1) .
Pre-infusion
Pre-infusion SNAP-25 is a synaptosomal protein (Geddes et al., 1990; Oyler et al., 1989 Oyler et al., , 1992 . It is involved in a number of neuronal functions, including exocytosis-based neurotransmitter release (Banerjee et al., 1996; Mehta et al., 1996) and axonal ⁄ dendritic growth (Osen-Sand et al., 1993; Grosse et al., 1999) . SNAP-25 mRNA up-regulation is also associated with LTP expression in the hippocampus (Roberts et al., 1998) . The involvement of SNAP-25 in regulating axonal ⁄ dendritic growth and hippocampal LTP points to a possible role of SNAP-25 in learning and memory.
Indeed, our results showed this to be the case. In animals receiving step-down inhibitory avoidance training, SNAP-25 was up-regulated in the hippocampus both at the mRNA (Fig. 1 ) and protein level (Fig. 3) . In situ hybridization demonstrated an enhancement of the neuronal SNAP-25 message upon training in the dentate gyrus, CA1 and CA3 regions (Fig. 2) . Functional perturbation experiments showed that animals receiving intracerebroventricular infusion of the SNAP-25 antisense oligonucleotide exhibited impaired long-term memory for step-down avoidance with intact short-term memory (Fig. 4A) . As antisense oligonucleotides are known to inhibit protein functions by retarding mRNA translation and selective mRNA degradation (Crooke, 2000) and the oligonucleotide that we employed has been shown to reduce SNAP-25 expression (Osen-Sand et al., 1993) , our results suggest a close relationship of the altered SNAP-25 level with learning and ⁄ or memory consolidation.
Interestingly, contextual fear conditioning triggered a transient increase in SNAP-25 protein levels (Fig. 5 ) which peaked at 2.5 h after conditioning and subsided to the control level by 24 h. The timing of this elevated expression is consistent with the time window for memory consolidation (McGaugh, 2000) , suggesting a causal relationship of the SNAP-25 expression level with memory consolidation. Indeed, intra-CA1 infusion of the SNAP-25 antisense oligonucleotide produced a deficit in long-term contextual fear memory without affecting short-term memory (Fig. 6A) . In corroboration with this evidence, we also observed an impaired spatial memory for the water maze (Fig. 7) .
Hippocampal LTP is thought to be a form of synaptic plasticity that underlies learning ⁄ memory (Morris et al., 1986; Morris, 1989; Bliss & Collingridge, 1993; Martin et al., 2000) . We found that LTP was significantly suppressed by intra-CA1 infusion of the SNAP-25 antisense oligonucleotide (Fig. 8) . Although extensive work has identified the role of SNAP-25 in pre-synaptic neurotransmitter release, our results clearly indicate that the impact of SNAP-25 on LTP is not mediated pre-synaptically. Specifically, PPF was not affected by the SNAP-25 antisense oligonucleotide (Fig. 9A) . Furthermore, the fluorescently labeled oligonucleotide was mostly retained in area CA1 upon infusion (Fig. 9B ) without noticeable diffusion outside the CA1 region. Thus, neuronal cell bodies in area CA3 are unlikely to be affected by the SNAP-25 antisense oligonucleotide.
Increasing evidence suggests that post-synaptic SNAP-25 is involved in the mechanism underlying trafficking of N-methyl-daspartate receptors to the cell surface (Lan et al., 2001a,b) . Downregulation of post-synaptic SNAP-25 in area CA1 would reduce delivery of N-methyl-d-aspartate receptors to the post-synaptic membrane and thus interferes with synaptic plasticity, like LTP, resulting in a deficit in memory consolidation.
It should be pointed out that oligonucleotides have been known to cause a non-specific toxicity effect which may influence experimental results. We are very aware of this potential concern and have used two or three controls in each experiment. In most cases, we used saline, scramble oligonucleotide and a mis-sense oligonucleotide as controls. The saline injection controls for volume injection effects on the brain structure. The scramble oligonucleotide serves as a control for sequence non-specific toxicity of the oligonucleotide. The mis-sense oligonucleotide, because it resembles the sequence of the antisense oligonucleotide with only a few bases difference, serves as a control for any serendipitous interaction with other genes by the antisense oligonucleotide. While these controls do not completely eliminate the potential for artifacts, together they do represent a reasonable set of controls to show that the results that we observed are indeed specific for the antisense oligonucleotide.
In summary, we identified SNAP-25 as a differentially expressed gene in area CA1 upon behavioral training. SNAP-25 expression is transiently elevated after contextual fear conditioning, coinciding with the time window for memory consolidation. The inhibition of SNAP-25 leads to impaired long-term contextual fear memory and spatial memory as well as decreased LTP. Together, our results suggest that SNAP-25 in the CA1 region is involved in memory consolidation.
